Although mountain tunnels are assumed to be earthquake-resistant structures, previous studies [1, 2] have shown that they may sometimes suffer damage such as cracking and spalling caused by flexural compression failure depending on the magnitude of an earthquake and the distance from its seismic source. The mechanism behind earthquake damage to tunnels has not yet been fully analyzed, and there are many unknown conditions related to such damage. This paper describes the results of case studies regarding earthquake damage, and also outlines the results of a model experiment conducted to clarify the damage mechanism and levels of aseismic performance of tunnels.
2. Analysis of earthquake damage cases 2. Analysis of earthquake damage cases 2. Analysis of earthquake damage cases 2. Analysis of earthquake damage cases 2. Analysis of earthquake damage cases 2.1 Significant earthquake damage to mountain tunnels 2.1 Significant earthquake damage to mountain tunnels 2.1 Significant earthquake damage to mountain tunnels 2.1 Significant earthquake damage to mountain tunnels 2.1 Significant earthquake damage to mountain tunnels Since the 1923 Kanto Earthquake, 19 tremors have caused damage to mountain tunnels [2] . Among these, five that have caused serious damage are listed in Table  1 , which also outlines the details of the damage. The 1923 Kanto Earthquake caused the most serious damage to mountain tunnels: 93 such structures were affected, 25 of which collapsed and needed countermeasure work and reconstruction. The 1978 Izu-Oshima-Kinkai Earthquake (referred to here as the 1978 Izu Earthquake for brevity) damaged two tunnels on the Izukyu Line. In particular, Inatori Tunnel on the Izukyu Line suffered serious damage to its lining as a result of fault displacement, and was out of service for almost half a year. The 1995 Hyogoken-Nanbu Earthquake (referred to here as the 1995 Hyogo Earthquake) was a near-field tremor in an urban district, and seriously damaged 12 tunnels running through or at the foot of the Rokko mountain range. Among these, Higashiyama Tunnel on the Kobe Electric Railway (Photo 1) and Rokko Tunnel on the Sanyo Shinkansen Line were particularly seriously damaged, and remained out of service for long periods. In this study, the authors performed case studies and model experiments to investigate the mechanism behind seismic damage to mountain tunnels and their aseismic performance, and the conditions under which such damage tended to be severe were clarified. Model experiments were performed with focus on damage to shallow tunnels or those in ground characterized by poor geological conditions, and the degree and extent of disasters caused by mountain seismicity were successfully reproduced. The experiments clarified the damage mechanism and seismic performance of tunnels in question. It was concluded that sound tunnels and those with inverts are less susceptible to seismic damage, and it was also confirmed that such damage tends to be greater when tunnels have voids above the lining and a lack of thickness, or when local displacement acts on them.
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The earthquake damage sustained by the above mountain tunnels was analyzed from the viewpoint of aspects (1) to (4) described below.
(1) Damage levels Referring to Yoshikawa [1] and Asakura et al. [2] , damage was classified into four levels (from serious damage to no damage) from the viewpoint of the need for reinforcement and repair. Figure 1 illustrates the percentages of the respective damage levels for each earthquake. In the affected area, the mountain tunnels indicated in many cases suffered slight damage or no damage. Nevertheless, it was found that an average of about 20% of tunnels in these earthquakes suffered medium or more severe damage, and that even mountain tunnels were damaged by large earthquakes.
(2) Modes of earthquake damage According to Asakura et al. [2] , the modes of earthquake damage to mountain tunnels can be classified into the three types (I to III) shown in Fig. 2 .
Type I: Cracks at the arch shoulder part characterize damage to shallow tunnels, as shown in Photo 1. Generally, such tunnels are often found in soft ground. Accordingly, it is presumed that earthquake-related shear deformation in the ground induces shear deformation in the tunnel, which causes an increased bending moment at the lining arch shoulder part and results in failure.
Type II: Flexural compression failure and spalling at the crown characterize damage to tunnels in ground with poor geological conditions, as shown in Photo 2. Presumable causes of Type II damage include the fact that ground with poor geological conditions is generally soft, which is likely to exacerbate the deformation caused by earthquake motion, and that loads such as loosening ground pressure and squeezing ground pressure may have also been present before the earthquake. [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] Photo 3 Damage to Uonuma T Photo 3 Damage to Uonuma T Photo 3 Damage to Uonuma T Photo 3 Damage to Uonuma T Photo 3 Damage to Uonuma Tunnel unnel unnel unnel unnel (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] (2004 Niigata Earthquake) [3] Cracking and Cracking and compressive failure compressive failure Compressive Compressive failure failure Spalling of Spalling of concrete mass concrete mass Fig. 1 Damage level percentages for each earthquake Fig. 1 Damage level percentages for each earthquake Fig. 1 Damage level percentages for each earthquake Fig. 1 Damage level percentages for each earthquake Fig. 1 Figure 3 shows the number of damaged railway tunnels judged to have suffered serious damage in and after the 1978 Izu Earthquake for each damage type and slope disaster. It indicates that Type II damage in ground with poor geological conditions and that of Type I for shallow tunnels account for the majority of damage if slope disasters are excluded as secondary damage. It can be judged that tunnels with these conditions are likely to suffer earthquake damage.
(3) Relationships among distance from earthquake fault, earthquake magnitude and damage level According to Yoshikawa [1] , a close relationship exists between the distance from the earthquake fault surface and the level of tunnel damage. Figure 4 illustrates the relationships among the distance from the earthquake fault surface, the earthquake magnitude (M) and the level of damage. It shows that the damage level increases with proximity to the earthquake fault surface and with increased earthquake magnitude. As a rough guide, it can be said that the possibility of medium or more severe damage increases for locations within 30 km of the earthquake fault surface for tremors of around M8, and within 10 km for those of about M7. However, it was seen in the recent 2004 Niigata Earthquake (M6.8) and the 2007 Niigata Earthquake (M6.8) that medium or serious damage was caused to tunnels outside the above rough-guide range. (4) Relationship between special conditions and damage levels Besides the earthquake magnitude and the distance from the earthquake fault, many other factors affect the extent of earthquake damage to tunnels. These are referred to as special conditions, and Yoshikawa [1] defined seven of them as listed in Fig. 5 . Figure 6 shows the percentage of tunnels with special conditions among all those damaged in the five earthquakes given in Table 1 (only tunnels with damage classified as medium or more serious in and after the 1995 Hyogo Earthquake are included). Figure 6 shows that the tunnels sustaining serious damage were largely those with special conditions. Consequently, it is considered that tunnels with special conditions suffer more serious damage for the same level of earthquake motion.
3. Mechanism of seismic damage and aseismic 3. Mechanism of seismic damage and aseismic 3. Mechanism of seismic damage and aseismic 3. Mechanism of seismic damage and aseismic 3. Mechanism of seismic damage and aseismic performance in shallow tunnel cover conditions performance in shallow tunnel cover conditions performance in shallow tunnel cover conditions performance in shallow tunnel cover conditions performance in shallow tunnel cover conditions For Type I damage to shallow tunnels, a model experiment was conducted to clarify the damage mechanism and assess tunnel aseismic performance.
Experimental method Experimental method Experimental method Experimental method Experimental method
Type I damage to shallow tunnels is considered a result of ground shear deformation caused by earthquake motion. Accordingly, the experiment was conducted using a two-dimensional shear box ( Fig. 7) . A model tunnel was buried in model ground, and shear displacement was applied to the tunnel via the ground using jacks. Figure  8 shows the dimensions of the model tunnel, which is a 1/20-scale representation of a standard Shinkansen-line tunnel cross section. The model was made of mortar with a uniaxial strength of about 26 MPa, and the model ground was prepared by the free-fall method using dry silica sand. Compaction brought the ground to a relative density of about 80%.
The model tunnel was equipped with displacement Percentage of damaged tunnels with special Fig. 6 Percentage of damaged tunnels with special Fig. 6 Percentage of damaged tunnels with special Fig. 6 Percentage of damaged tunnels with special conditions conditions conditions conditions conditions transducers, a webcam and other devices, and was buried in the model ground prepared in the shear box. In the experiment, the lowest jack of the three was fixed, while the upper two were actuated to provide displacement with a triangular distribution pattern. Loading was applied under displacement control to statically provide alternate loading up to 6% of ∆/H (the shear strain of the ground; refer to Fig. 10 for a definition) while increasing the maximum value of ∆/H at every loading cycle. During the loading steps, displacement of the tunnel's inner surface was measured and the occurrence of cracks on the lining and fracture propagation were observed using the webcam. Figure 9 shows the experimental cases − Case 1 with a sound lining, and Case 2 with a defective lining characterized by a void above it and a lack of thickness. At ∆/H = 3%, flexural compression failure occurred at the crown, and at ∆/H = 6%, spalling was seen at the position of flexural compression failure on the crown. Multiple slanting cracks also appeared. Comparison between Case 1 and Case 2 for the same value of ∆/H = 3% showed that Case 1 produced no cracking on the crown − such damage was limited to both arch shoulder parts. The phenomenon of bending crack occurrence at shoulder parts in the experiment was presumably caused by the shear deformation of the tunnel as shown in Fig. 11 . Furthermore, the occurrence of bending cracks on the tunnel crown was caused by horizontal contraction as shown in Fig. 12 . For the case where a void was present above the crown, dam- When the presence of diluvium deposits is assumed, the shear strain in the ground is considered to be 2% at the maximum even under L2 earthquake motion unless there are special conditions such as a tunnel location directly above the basement or the presence of asymmetrical pressure. Consequently, significant failure (such as the flexural compression type) is not expected to occur on the lining of a sound tunnel under normal ground conditions. However, the experiment revealed that for defective lining, flexural compression failure occurs in tunnels with a lower level of shear strain in the ground than for those with sound lining. If an exceptionally high level of strain is present directly above the basement or under asymmetrical conditions, severe damage may occur. In such cases, countermeasures such as backfill grouting should be considered. Type II damage to tunnels in ground with poor geological conditions is considered a result of earthquake-related ground deformation and initial loads such as loosening ground pressure and squeezing ground pressure. With due consideration to such factors, the experiment was conducted using the loading-model experimental apparatus shown in Fig. 15 . A model tunnel was buried in model ground, and horizontal displacement was applied via the ground to the tunnel using jacks. For Type II tunnel damage in ground with poor geological conditions, residual deformation in the tunnel after the earthquake was measured. The results showed that the major deformation pattern was horizontal contraction, and consequently the above loading method was adopted. In the experimental apparatus, each stage of the soil tank was composed of two jacks and two loading plates, and up to three stages could be adopted to allow loading condition variation in the tunnel's longitudinal direction. Figure 16 shows the dimensions of the model ground and the model tunnel. The tunnel was a 1/50-scale model made of mortar assuming a standard Shinkansen-line tunnel cross section, and had two types − one with an invert and one without. Specifications other than the dimensions shown in Fig. 16 were the same as those outlined in Chapter 3. Since it is considered that ground strength is generally low in areas with poor geological conditions and is at most the same as that of soft rock, the model ground was prepared using low-strength mortar with a uniaxial strength of about 0.5 MPa.
Loading was applied under displacement control up to 18 mm for D, the displacement of the loading plate (ground strain D/L = 3%; refer to Fig. 16 for a definition) . During the experiment, the jack load, the displacement of the loading plate and the displacement of the tunnel's inner sur- Lack of thickness face were measured, and cracks on the inner surface of the lining were also monitored through the observation window and with the webcam.
In order to understand the basic characteristics of fracture, the experiment was conducted first with a single stage assuming a two-dimensional plane strain condition (referred to here as the uniform displacement experiment). Type II damage in ground with poor geological conditions involved cases with a complex fracture mode, including fracture caused by cracking in the transverse direction (Photo 3). Since the uniform displacement experiment could not reproduce this mode of damage, an experiment was also conducted with three stages in the soil tank (referred to here as the local displacement experiment) to generate displacement within a limited range in the tunnel's longitudinal direction. Figure 17 illustrates the experimental cases: five in total were investigated focusing on the presence/ absence of an invert, the presence/absence of a void above the lining, and presence/absence of a lack of thickness. For the uniform displacement experiment, Fig. 18 illustrates the crack location on the inside surface of the model tunnel for a D/L value of about 3%. Horizontal displacement resulted in a fracture mode involving many tensile cracks on sidewall sections as a whole. In Case 2, only minimal flexural compression failure occurred at positions slightly removed from the arch crown. In Case 3, however, extensive flexural compression failure appeared at the crown. Figure 18 also shows the location of the cracking in the damaged part of Myoken Tunnel shown in Photo 2, and it can be seen that the damage resembles that in Case 3. It is known that Myoken Tunnel had a void above its lining before the disaster. Based on this consideration, it was confirmed that earthquake damage such as that seen in this tunnel can be reproduced by applying displacement or loading in the horizontal direction to a tunnel with a void above the lining.
Next, a local displacement experiment was conducted. A soil tank was constructed with three stage layers, and loading was applied only to the middle stage up to D = 18 mm. Figure 19 shows the location of cracking, and indicates that a large number of cracks appeared in the longitudinal direction. In the local displacement experiment, however, many cracks in the transverse direction were seen in addition to those in the longitudinal direction. By increasing the D/L value, flexural compression failure was induced at the shoulder part on the loading side. The modes of crack occurrence were similar regardless of the presence/absence of a void above the lining. However, Case 5 produced wider cracks than Case 4, and those in the longitudinal and transverse directions caused extensive spalling of mortar mass. Figure 19 also shows damage in the case of Uonuma Tunnel, which is shown in Photo 3. It was confirmed that the failure mode of Uonuma Tunnel resembled that seen in the local displacement experiment. Fig. 18 Location of cracking on the inside surface of the Fig. 18 Location of cracking on the inside surface of the Fig. 18 Location of cracking on the inside surface of the Fig. 18 Location of cracking on the inside surface of the Fig. 18 Fig. 19 Location of cracking on the inside surface of the Fig. 19 Location of cracking on the inside surface of the Fig. 19 Location of cracking on the inside surface of the Fig. 19 Location of cracking on the inside surface of the Fig. 19 ing. For the case of uniform displacement, cracking appeared at a D/L value of about 0.2% to 0.5%. Although ground heaving occurred in Case 1 (without an invert) at a D/L value of about 0.5%, none was seen in Case 2 and Case 3 (with an invert). With increasing D/L values, slight flexural compression failure occurred at about 3% in both Case 1 and Case 2. In Case 3 with a void above the lining and a lack of thickness, however, extensive flexural compression failure appeared at an early stage. Regarding the effect of inverts, the D/L at the point of flexural compression failure occurrence showed no significant difference between the cases with and without an invert, though heaving did not occur in the case where an invert was present. A presumed reason for this is that tunnel deformation behavior such as ground heaving can be suppressed by adding an invert to establish structural rigidity, and that external loads are concentrated on the tunnel itself. For lining failure in the local displacement experiment, it was found that the timing of cracking corresponded to a D/L value of about 0.2% and 1.0% (similar to the situation in the uniform displacement experiment), and that spalling occurred at a D/L value of about 1.0% and 1.3%. For Case 5, large spalling of mortar mass occurred at a D/L value of 1.8% as a result of cracking in both the longitudinal and transverse directions. It is presumed that the loading conditions of the local displacement experiment posed a threat to tunnel safety due to the occurrence of cracking in the transverse direction even with small displacement. As shown by the investigation focusing on shear deformation described in Chapter 3, and also by the horizontal loading experiment, it was confirmed that the presence of a void above the lining increases the extent of failure even with the same D/L value, thus weakening the structure against deformation.
These experiments revealed that a tunnel with an invert and no defects does not sustain severe damage even under a considerable strain level of about 2.5% in uniform displacement. Consequently, it is considered that even a tunnel in ground with poor geological conditions has a low risk of damage if it is in a state of integrity. It was found, however, that tunnels without an invert are subject to ground heaving, and that the application of local displacement and the presence of a void above the lining or a lack of thickness are likely to induce serious damage. For the case of Type II damage in ground with poor geological conditions, in contrast to the case of Type I damage to shallow tunnels, it is difficult to predict the magnitude of ground strain that occurs during earthquakes. Countermeasure work such as backfill grouting and application of rock bolts needs to be preferentially considered for tunnels under such conditions.
Conclusion Conclusion Conclusion Conclusion Conclusion
Focusing on earthquake damage to mountain tunnels, we conducted research through case studies and model experiments, and clarified the conditions under which mountain tunnels are vulnerable to earthquake damage. The experiments were conducted with an emphasis on seismic damage to mountain tunnels in shallow cover and in ground with poor geological conditions in order to re- produce earthquake-related failure and investigate the related damage mechanism. The experiments clarified the aseismic performance of lining, and revealed that a tunnel with an invert and a sound lining with no void above it and no lack of thickness sustains very little damage, while a tunnel without an invert, with defects and under conditions of local displacement is likely to sustain damage such as heaving, flexural compression failure and spalling.
In future work, we intend to execute investigation of numerical analysis and design methods, and plan to reflect the results of these investigations − in addition to those of our present study − to guidelines and manuals for use in the aseismic design of lining in mountain tunnels.
